Multiple sclerosis (MS) occurs at all ages of the pediatric population. Childhood MS may represent up to 10% of all MS cases. Establishing the diagnosis of MS in a child is complicated by the limited diagnostic criteria and the possibility of significant clinical and magnetic resonance imaging (MRI) overlap with acute disseminated encephalomyelitis and other pediatric diseases. Although the clinical profile of MS appears similar to that seen in adults, several features may differ and specific issues arise in children. Sex ratios are different between young children with MS and adolescentsimplicating a role for sex hormones in disease pathogenesis and/or modification of disease expression. Younger patients with MS are more likely to have seizures, brainstem, and cerebellar symptoms than adults. Children with MS may have fewer T2 hyperintense areas on MRI scans, therefore not meeting MRI criteria established for adults. It is possible that the pediatric MS course is more indolent than in adult patients but the disease may lead to significant disability at a younger age, e.g., while patients are students, young professionals, or want to start a family. There has been no controlled clinical trial in children with disease modifying therapies approved for adult MS due to the limited number of patients under the age of 18 years compared with the adult contingent. As a result, children are receiving adult therapies in an arbitrary manner and our understanding of pediatric treatment effect and tolerability is limited. Available data on tolerability of approved drugs for adults is reviewed.
INTRODUCTION
Multiple sclerosis (MS) is a prototypical demyelinating disease of the CNS in adults, affecting approximately 400,000 individuals in the United States. This autoimmune disease has a complex etiology likely related to both genetic and environmental factors. Its protean manifestations include visual, motor, sensory, and cognitive impairment but MS can in fact impact nearly any neurological function. 1 As many as 80% of adult MS patients experience initial episodes of acute worsening followed by clinical remission, hence the name "relapsingremitting" (RR) MS. 2 A sizable portion of these patients convert to a more progressive course later in their disease. During this secondary progressive (SP) MS course, disability accumulates significantly over time regardless of clinical exacerbations. Approximately 10 -15% of adult MS patients have insidious progression from the onset of disease ("primary progressive" (PP) MS). A much smaller subset initially has a progressive course and later develops rare clinical exacerbations ("progressive-relapsing" (PR) MS). MS primarily affects young adults with a peak incidence between the ages of 20 and 40 and is the leading cause of nontraumatic neurological disability in this population in the industrialized world. However, MS can also be diagnosed in patients from ages 2 to 80. In fact, because clinicians fail to recognize the disease in patients who do not fit the typical age profile, MS is probably underdiagnosed in the pediatric population.
Saint Ludwina of Schiedem is often cited as the first historically recorded case of MS. As a teenager in Holland during the 14th century she developed sensory symptoms and visual loss with a relapsing remitting course-ultimately becoming physically disabled and blind. 3 Still 500 years later the original medical descriptions of MS by Charcot highlighted the disease as a condition afflicting young adults. This propensity for the disease to occur in people between ages 20 and 40 led Kurtzke to declare that "any disease beginning before age 10 should be called MS only as a last resort." 4 As a result, successive diagnostic criteria for MS imposed age requirements that we have since realized were excessively restrictive. In fact, recent descriptions of the full clinical spectrum of MS suggest that as many as 1% of cases present in the first decade of life and up to 15% have clinical onset before age 18. 5, 6 Although, we now recognize that MS occurs in the pediatric population, there remain many unanswered questions about the disease in young patients. This review will attempt to describe those differences, warn clinicians as to pitfalls in the diagnosis of MS in a pediatric population, and describe what we know about the use of disease-modifying treatments (DMT) in this population.
DIAGNOSIS OF MS
Multiple sclerosis onset is defined by the occurrence of the first neurological symptoms of CNS dysfunction. In children, this first episode can be either dismissed when mild or misleading, e.g., diagnosed as acute demyelinating encephalomyelitis (ADEM) or another disorder. The diagnosis of MS requires dissemination in time and in space. 7 For this reason, it is often established only after the second clinical attack. However, in many cases, typical findings on serial magnetic resonance imaging (MRI) scans facilitate early diagnosis, at least in adults, as changes can account for dissemination of the disease in time. 8 MRI findings include T2 bright ovoid areas in the deep white matter that sometimes enhance on T1-weighted sequences after administration of gadolinium as a result of transient blood-brain barrier breakdown at the time new lesions appear. Interestingly, disease activity identified by neuroimaging does not always correlate with clinical symptoms and disability. Only lesions located in physiologically relevant areas and of sufficient size give rise to neurological symptoms. In fact, for every new clinical attack, 5 to 10 new plaques may be detected on serial brain MRI scans. 9 The presence of intrathecal inflammation, e.g., presence of specific oligoclonal bands or elevated IgG index in the spinal fluid compared to serum, also helps to establish the diagnosis. It is unclear whether all of the components of the diagnostic criteria used in adult patients are also applicable to children. 10 The clinical and MRI overlap with other diseases, particularly ADEM, remains a vexing problem with important prognostic implications in the cases of individual patients, while raising challenging scientific questions pertaining to the monophasic versus remitting course of both disease entities.
PEDIATRIC MS FEATURES
Many attempts have been made over the last 30 years to characterize the features of MS in childhood-most of them by describing the experience of individual centers around the world. Despite the limitations of these studies they provide important insight into pediatric MS and its mimics. As the volume of these studies has grown, suggestions of significant differences between MS in the adult population and in children have become apparent.
Advances in imaging over the last 10 -20 years have increased the recognition of MS in the pediatric population and led to more reliable diagnoses. This in turn has resulted in larger more reliable series in the same period. However, it seems questionable that identical MRI criteria as in adults can be used in pediatric MS. 10 Conceptually, there are differences between the pediatric and adult populations that could explain at least in part clinical and MRI specificities in younger patients. Examples include more recent exposure to common environmental factors such as viruses, immature immune system, better capacity for CNS repair, and different ability to tolerate medications.
Clinical aspects
Practical and sociocultural factors complicate the recognition of MS in children. Subjective and transitory symptoms in children may be overlooked or incompletely investigated. In addition, measuring visual loss or somatosensory deficits in young children may be difficult. Concentration problems or fatigue may be attributed to attention deficit disorder or nonorganic causes. These factors contribute to a potential underreporting bias of mild cases in the pediatric MS literature and also may delay the identification of MS until adolescence or adulthood.
In addition, similar to the diagnostic issues faced in the adult population, significant clinical overlap with other pediatric neurological disorders and MS can make the diagnosis difficult (see Table 1 ). Other diseases can also demonstrate a similar capacity to "relapse" and "remit" (e.g., recovery after pediatric stroke). In fact, it is widely recognized that some of the patients described by Schilder most likely did not have MS. 21 It has been suggested that misdiagnoses and referral bias have led to the false impression that pediatric MS is more virulent than its adult counterpart.
11
Many observers have attempted to delineate clinical differences in the presentation and expression of MS between children and adults. Most of these studies are retrospective case series that provide no opportunity to capture subtle or complicated diagnoses that were missed. 5, 6, [12] [13] [14] [15] [16] [17] [18] [19] [20] Many of them have used different diagnostic criteria and have designated cases as "pediatric" based on different age cut-offs (ranging from 10 to 20 years). For example, Sindern and colleagues 5 reported on the 31/620 MS patients admitted to a neurology service who had onset before age 16. They used Poser's criteria for diagnosis and considered CSF positive with four oligoclonal bands. 7 In contrast, Duquette et al. 12 reported on patients with onset before age 16 but used Rose et al.'s 22 criteria for diagnosis, and patients, more typically, did not require hospital admission for inclusion.
Some early reports noted differences that were likely a product of bias caused by the small number of cases in the series. 14, 15 In larger, more recent studies, potential biases (beyond the issues of retrospective series) include difficulties associated with recognizing certain clinical syndromes in children (e.g., sensory or mild cognitive complaints as mentioned above) and population differences between the reporting clinic and the general MS population (especially in those studies that did not make comparisons to their own local adult MS population.) Given that ethnic differences in MS expression have been increasingly recognized (i.e., the differences between MS in Caucasian, African-American, and Asian populations) and the almost universal acknowledgment of genetic factors in disease expression-one could imagine that comparisons between certain pediatric populations and the universal adult MS population may reflect genetic factors as much as they reflect age-related differences. Still, a number of important clinical differences have been repeatedly described in papers describing "pediatric MS" and appear to be biologically plausible. The distribution of some clinical findings has been reported to be different in children. The most believable observations are that young children with MS are more likely to develop seizures and/or ataxia. 5, 12, 17, 18 According to several observers mean time to recovery after a clinical exacerbation appears to be shorter in children compared with adults (4.3 weeks versus 6 -8 weeks in adults). 20, 23 In addition, comparing children under 15 to three groups of older adults from the same center, Trojano et al. 23 noted that the children in their study had a higher relapse rate, shorter interval between their first and second attack, and yet a lower overall disability level than adult patients with the same disease duration. The rapid recovery and reduced overall disability seen in children argue that some factors about a child's nervous system make them more conducive to recovery. One might attribute this to the resilience of the childhood CNS. However, elucidating the mechanisms by which the young nervous system recovers from an attack of demyelination (whether it be by extensive and rapid remyelination, redistribution of sodium channels, or reorganization of functional pathways) and understanding whether the child's brain may have significant differences in the inflammatory milieu or reduced axonal injury would provide important insights into the nature of clinical recovery in MS.
The shorter duration between attacks observed by Trojano and coworkers 23 argues that possibly some MS cases present in childhood because of a more aggressive autoimmune process (as opposed to random chance or earlier exposure to an environmental factor). This contention is further supported by the increased presence of large or tumefactive lesions in pediatric cases (further discussed below).
The proportion of patients with progressive disease from onset may also be different in childhood MS. In adults, PP and PR MS represent up to 20% of patients, whereas in childhood MS disease progressive from onset is rare (e.g., less than 7%). 5, 17, 24 Although it is not clear what these differences reflect, there is a notion that patients with disease progressive from onset are typically older, and the male:female ratio approaches 1. Further, some subtypes of MS defined by biological findings 25 may be more frequent in specific age categories, suggesting that neurodegenerative mechanisms could be more frequent in older patients. There appears to be two relatively distinct age-related subsets of pediatric MS patients. These might best be described as childhood MS (age 2-10 years) and adolescent-onset MS (age 10 -18 years). The exact age for distinction is somewhat arbitrary and reflects the artificial and consensual World Health Organization definition of adolescence. Although there seems to be clinical differences betweens these two populations, the most striking one being the relative increase in male cases in patients younger than age 10 (closer to parity in sex distribution as opposed to the 1.5-2:1 female preponderance in adult patients). 5, 12, 24 The difference observed may reflect the importance of pubescence and sex hormones in MS pathogenesis in the older population. Further support for this interpretation of the data is provided by the remarkable increase in female/male ratio in patients around pubescence (2-4:1 in patients 12-15 years at onset). Some studies have reported the increase seen in the pubescent population as true for all pediatric MS cases, but largely because they have collapsed all patients younger than 16 or 15 years into a single group. Re-evaluation of the sex distribution in their small groups of younger than 10-year-old patients supports the relative parity mentioned above. 5, 12, 17, 18, 26 Overall, regarding physical disability, the prognosis for pediatric MS cases appears relatively good. They appear to have less physical disability compared with adult patients who have suffered the same disease duration, but appear to be worse off compared with adult onset patients at the same age (presumably because of longer disease duration). In Duquette and coworkers'series more than three-fourths of the patients were still walking at 15 years. Ghezzi's series reported that around 25% of cases had EDSS Ͼ 6.0 after longer than 8 years follow-up. 5, 12, 24 In addition to the sex distribution differences, it is possible that childhood MS might be less physcially disabling than either adult or adolescent MS, with few patients exhibiting permanent disability after similar disease duration; although the difference between children and adolescents has never been statistically demonstrated but is hypothetized by the authors based on their personal experience.
Most physical symptoms are transitory and remit more quickly in children than in adults. Paradoxically, extremely early onset of MS (Ͻ 2 years of age) appears to be associated with a very poor prognosis, although the small number of observed cases makes extrapolation unreliable. 4, 18, 27 Finally, one has to keep in mind that, as opposed to physcial disability, cognitive disability may be more profound for pediatric MS patients than for adult-onset MS patients and involve school disruption and other cognitive issues specifically related to that age range and can be particularly disabling.
Indeed, one manner in which pediatric MS has recently been recognized to be more similar to adult disease is in the spectrum of cognitive impairment in children with the disease. This obviously has serious implications in individuals undergoing development of their cognitive activities. 28, 29 Banwell and Anderson 28 reported recently on a small group of adolescent MS patients with little motor disability, all of whom had difficulty on one of a number of neuropsychiatric tests administered. Although some of the observations may be confounded by fatigue and/or depression and extrapolation from this small group may be difficult, it establishes that further investigation into the cognitive burden of MS in children is warranted. 28 In contrast, children with a remote history of ADEM (Ͼ 2 years prior) have been found to have less-pronounced cognitive impairments and typically perform within the normal range for their age group. Only visuospatial impairments appeared to be relatively common in a small study that evaluated 15 ADEM patients. 30 Finally, some clinical series provide evidence of ethnic variability in pediatric MS incidence and course. A large series of 256 patients from China found that 3.5% of Chinese MS patients developed symptoms before the age of 10 and 22% developed symptoms before the age of 20. 31 Other smaller series from Asia provide support for the idea that Asian MS patients are more likely to have onset before age 20. [32] [33] [34] [35] There has also been the intriguing observation that-similar to what has been observed in adult patients-MS in African-American and West Indian children may follow a more debilitating course than in Caucasians. 36, 37 
MRI aspects
The degree to which pediatric MS patients share imaging characteristics with adult patients is also controversial. The applicability of imaging criteria in the pediatric population and the utility of using these criteria for establishing a diagnosis is uncertain. Hahn and colleagues 10 report that only 53 and 67%, respectively, of their pediatric patients who ultimately developed clinically definite MS fit McDonald criteria for dissemination in space at the time of their initial and second attacks. 8 This may be because the McDonald criteria, especially in the absence of gadolinium enhancement, have a requirement for at least three to nine total lesions depending on their location and enhancement status. It may be that the shorter period over which lesions can silently accrue in pediatric MS translates into a smaller number of total lesions at presentation. A relatively high incidence of tumefactive lesions seems to occur in pediatric MS compared to adults. 10 It has also been claimed that imaging during workup for pediatric MS is useful for distinguishing ADEM from the first attack of MS. 19 In young patients with an initial demyelinating event, the presence of long axis callosal lesions as well as well-defined focal lesions appear helpful in distinguishing CDMS from monophasic disease. 38 However, none of these findings are specific for pediatric MS on their own and none are seen with uniform frequency. Combining the former two criteria (well-demarcated focal as well as long axis callosal lesions) achieves a very high specificity but poor sensitivity to diagnose MS. 38 Other differences between ADEM and MS lesions in terms of lesion distribution have been described, such as ADEM lesions are more frequently seen in cortical gray mater and are much more commonly seen in subcortical white matter (WM) rather than periventricular WM. 19, 39, 40 It is likely that the distinction between MS and ADEM can only be made with clinical follow-up and repeat imaging. The McDonald criteria, validated for diagnosing MS in the adult population and including MRI features, could be appropriate for defining MS in the population of children experiencing a first demyelinating event. However they have not been validated yet in that particular population.
Biological aspects
The CSF profile for pediatric MS cases appears to be similar to that found in adults, with the exception of a slightly higher incidence of pleocytosis in children. Pohl and coworkers 41 have reported a very high sensitivity (Ͼ 90%) for detecting oligoclonal bands in known pediatric MS cases between ages 6 and 16 years. Other studies have suggested that a much lower rate of oligoclonal bands is found in very young patients (Ͻ 10%). It is unclear whether this is the product of a shorter disease course rather than a difference of some basic factor influencing antibody production in very-early-onset MS. 18 One possibility is that MS in children is identical to its adult counterpart except that the clinically symptomatic lesion occurs earlier in pediatric cases (leading to recognition and diagnosis). This contention is supported by the observation that in many cases a smaller overall burden of disease is seen on imaging in pediatric cases compared with adults. 10, 38 However, some clinical and imaging features argue that there are more profound differences between MS in children and adults. For example, it has been reported that a substantial minority of MS cases in children present with encephalopathy-which is almost never seen in adults. 5, 12 The clinical significance of this observation remains unclear. It may reflect a basic difference between adult and pediatric MS or, alternatively, it may reflect the diagnostic difficulty of differentiating MS from ADEM and the much increased relative frequency of the latter entity in a pediatric population. It may also reflect an increased sensitivity of the child's brain to insults in certain areas of the CNS.
Information gleaned from studying childhood MS has important implications for MS epidemiology in general. The increased burden of disease in females right around the time of menarche and the declining sex difference ratio in middle age argues for a role for sex hormones in causing or modifying the disease. The role of environmental agents such as viruses may be best studied in childhood MS, especially if these viruses are common and most individuals have been infected by adulthood. In support of the role of viral exposure in children, recent work reports that pediatric MS patients are much more likely than matched controls to be positive for EpsteinBarr virus. 42 If confirmed, these types of data may significantly advance our understanding of the disease.
PEDIATRIC MS TREATMENTS
Although medications that modify the course of MS have not been formally evaluated in patients under the age of 18 years, pediatricians and pediatric neurologists have initiated those treatments in attempt to control the disease in young patients. Treatments for MS include drugs that promote recovery from ongoing exacerbations and drugs that reduce the frequency of relapses and, therefore, have the potential to slow down the progression of disability.
Treatment of relapses
Relapse therapy shortens relapse length thereby limiting consequences on daily activities. [43] [44] [45] Relapse treatment does not influence the risk of subsequent relapse or progression of disability. Thus, disabling relapses are often treated, whereas mild or spontaneously recovering relapses usually are not. No trial has been conducted for treatment of relapses occurring in children with MS. Therefore, relapses in children are treated like adult relapses with pulse glucocorticosteroids, or less often with plasma exchanges or intravenous immunoglobulins (IVIG).
Relapse therapy in adult MS consists in high doses of glucocorticosteroids (500 mg to 1 g i.v. methylprednisolone (IVMP) daily for 3-5 days). An oral taper over a 10-to 15-day period may be used for severe relapses. Lower doses of glucocorticosteroids appear to be less efficient than higher doses. 46, 47 Equivalent high doses of oral glucocorticosteroids may work as well as high doses of intravenous injections. 48 In pediatric MS patients, glucocorticosteroid regimen is adapted as a function of weight and usually varies from 20 to 30 mg/kg/day of IVMP for 3-5 days, depending on relapse severity, tolerability, and cumulated dose of corticosteroid. Infusions do not necessarily require hospitalization, although blood pressure, urine glucose, and se-rum potassium need to be monitored. Rare side effects of high doses of IVMP, which include irritability, appetite changes, and insomnia, are reported. 47 Gastric toxicity can be systematically prevented with gastric protection. High cumulated doses of glucocorticosteroids expose a higher risk of side effects, which might be of particular importance at this age. Corticodependence (adrenal deficiency) and, less frequently, corticoresistance (recurrence of neurological symptoms after corticosteroid tapering) may occur. Other steroid side effects such as growth retardation are more specific to the pediatric population. These long-term side effects can be prevented by avoiding long-term corticotherapy, repeated pulses, and prolonged progressive tapering when not necessary.
Plasma exchange is used for severe relapses in adult MS and Devic's disease (also called neuromyelitis optica) recovering poorly after pulses of high doses of glucocorticosteroids. 49 Plasma exchange has not been validated in the pediatric MS population but has been reported as a potential alternative for severe relapses resistant to corticosteroids. 50 Finally, IVIG has also been used for pediatric MS relapses poorly responsive to high doses of IVMP or in children who have a contraindication to glucocorticosteroids; whereas no clear evidence of efficacy has been reported for adults.
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Disease-modifying therapies
Approved DMTs for MS decrease the risk of subsequent relapses and disability progression in patients with relapsing MS. The impact of currently approved DMTs on disability progression seems mostly related to prevention of exacerbations with their potential for accumulation of residual disability. Approved immunomodulating treatments including interferon-␤ (IFNB) and glatiramer acetate (GA) decrease the risk of clinical relapse by approximately 30%, and the number of new lesions on brain MRI scans by 30 -80% in adult patients. [58] [59] [60] [61] [62] There is accumulating evidence that early treatment with DMT significantly influences disease course and limits accumulation of disability. [63] [64] [65] The immunosuppressive drug mitoxantrone has also been approved for "worsening MS" (e.g., severe RR or SP MS leading to rapid disability besides immunomodulating treatments). 66 Other drugs are used off-label to treat MS, in adults such as monthly pulses of high doses IVMP, oral azathioprine, intravenous cyclophosphamide, oral methotrexate, oral mycophenolate mofetil, IVIG, and plasma exchange. Natalizumab (Tysabri) was granted FDA approval in 2004 but was removed from the market in February 2005 for further investigation due to two cases of progressive multifocal leukoencencephalopathy. [67] [68] [69] This drug is administered as a monthly intravenous infusion and has been shown to decrease the relapse rate by 60% and disability progression by 40% over a 2-year period. 70 -75 It is unknown whether and when it will become available again.
No medication at this time has shown a significant impact on the progressive course of MS (e.g., regardless of exacerbations). 76 -83 As progressive disability progression (e.g., independent of exacerbations) rarely begins during childhood, it is crucial in these patients to prevent relapses during the relapsing-remitting phase of the disease and hope that treatments also delay entry into the SP phase.
Patients who participated in pivotal clinical trials of DMT for MS were all older than 18 years. At this time, because of the small number of pediatric MS patients and the proven efficacy in adult patients with MS, it is unlikely that there will be clinical trials in children to test the efficacy of approved drugs for adults. In fact, the efficacy of early DMT use on long-term disability [63] [64] [65] has prompted physicians to treat pediatric MS patients with drugs approved in adult MS. Several recent pediatric cohorts suggest that DMTs are well tolerated and that the side effects are overall similar to those observed in the adult population (Table 2) .
Immunomodulators. Interferon-␤. After intramuscular or subcutaneous injections, IFNB binds to specific receptors located on the surface of immune cells and induces a Th2 bias of the immune response, attenuates Th1 inflammation, reduces the penetration of immune cells through the blood-brain barrier, and thus prevents CNS inflammatory lesions. 95 Two IFNB-1a (Avonex, Biogen Idec, Cambridge, MA; Rebif, Serono, Geneva, Switzerland) and one IFNB-1b (Betaseron, Berlex, CA) have been approved by the FDA for adult relapsing-remitting MS. Intramuscular IFNB-1a (Avonex) was also recently approved for adults presenting a first demyelinating event. Treatment with IFNB decreases relapse rate by 30% and MRI activity by 60 -80% compared with placebo. 58, 60, 61 Two studies of dose comparison suggest that higher-dose, higher-frequency IFNB therapy is associated with higher therapeutic effect over the short term (e.g., 1 or 2 years). 96, 97 However, higher dose higher frequency IFNB treatment is also associated with development of neutralizing antibodies against IFNB in at least 25% of patients within 1 or 2 years of treatment. 98 It is now clear that the development of neutralizing antibodies is associated with a significant decrease of therapeutic effect. 98 Although several studies in children and adolescents with MS suggest that interferon is overall well tolerated (Table 2) , four cases of serious adverse events have been reported 90, 91 : one case of systemic reaction, one case of polyarthritis, and two cases of depressive mood disorder. Other side effects in pediatric MS patients include flulike syndrome, headaches, and injection-site reactions (e.g., erythema and local edema) and are reported roughly within the same proportion as in the adult pop- 112 who had SP MS. FLS ϭ Flu-like symptoms; ALF ϭ alteration of liver functions; ISR ϭ Injection site reaction; ARR ϭ annualized relapse rate. † In each of these studies, one patient used lower doses of interferon because of young age (*) or because of an alteration of liver functions ( †). All of these patients were among the youngest (8, 10, and 12 years old, respectively).
‡ Two cases of serious adverse effects were reported: one 12-year-old boy experienced a systemic reaction (edema, weakness, and mild pleural effusion), after 4 weeks on treatment (22 g 3 times per week), then the symptoms disappeared within 2 weeks after discontinuation of treatment. Another 12-year-old boy developed a depressive mood disorder after 5 months on treatment (44 g 3 times per week). § Two cases of serious adverse effects were reported: one patient developed a depressive mood disorder (and attempted suicide) after 1 year on treatment. Another patient developed polyarthritis after 3 months on treatment.
ulation (see Table 2 ). Alteration of liver function [increased aspartate aminotransferase (AST) and alanine aminotransferase (ALT)] may be more frequent in young patients (younger than 10 years). 84 However, potential side effects that might specifically pertain to the pediatric population (e.g., effect on growth, puberty, and the immature immune system) have yet to be evaluated. Also, studies in children have been mostly retrospective, and there is an inherent bias to underevaluate side effects in this setting. Finally, in adults, very long-term adverse events of IFNB remain unknown, as it became available only 12 years ago.
The data reported from various cohorts of children exposed to IFNB suggest that IFNB may decrease relapse rate in children with MS; however these studies were not designed to evaluate treatment efficacy and cannot tell us much about the IFNB therapeutic effect in patients younger than 18 years 84, [87] [88] [89] [90] [91] Glatiramer acetate. Glatiramer acetate (Copaxone, Teva-Marion Partners, Kansas City, MO) is an immunomodulating treatment approved for adult relapsing MS. It is made of a random polypeptide (L-glutamic acid, Llysine, L-alanine, and L-tyrosine), which induces an antigenic cross-reactivity with myelin protein reactive T cells. GA induces the production of anti-GA-regulating Th2 T cells that regulate CNS inflammation (by standard suppression). 95 It is unclear whether GA has neuroprotective properties. GA is administered daily as 20 mg s.c. injections. GA decreases the rate of relapses and new MRI lesions by approximately 30%. 59, 62 Its effect on progression of disability is unclear.
As for IFNB, preliminary safety data suggest that GA is well tolerated in the pediatric MS population (Table  2) . 93, 94 There are fewer side effects with GA than with IFNB. There are however no data available on potential long-term adverse effects, and GA efficacy has not been evaluated in the pediatric population.
DMT prescription guidelines
There is no consensus for the use of DMT in pediatric MS. For several reasons, an increasing number of pediatric MS patients are being offered DMTs approved for adults, despite the lack of validation. First, pediatric MS seems to be the same disease as adult MS. Second, DMTs approved for adults seem to have similar side effect profiles in children and adolescents. Finally, there is growing evidence that early treatment may influence disease course over the long term. [63] [64] [65] As in adults, IFNB should be titrated over a period of 1 month to maximize tolerability, particularly for Rebif and Betaseron. It is common to use one-quarter dose for the first 2 weeks, one-half dose for the next 2 weeks, and the full dose subsequently if tolerated. Most of the time doses similar to those used in adults are well tolerated, particularly in adolescents. 84, 91 Dosage may be reduced according to tolerability and low weight of the patient. It is recommended to monitor complete blood count and liver function (AST, ALT) at baseline, monthly for the first 3 months, and every 3 months subsequently as IFNB has potential liver toxicity. GA is used readily at the full dosage (20 mg/day) as in adults. 93, 94 In contrast to IFNB, GA does not require laboratory monitoring. For all DMT, it is critical to evaluate compliance. In young children, treatment is generally administered by parents, whereas, in teenagers, it is often self-administered. Involving the child as much as possible in treatment decision and initiation promotes compliance. 99 An international task force sponsored by the National Multiple Sclerosis Society is currently working on consensual definitions and therapeutic guidelines for pediatric MS.
Intravenous immunoglobulins
Several controlled trials in adults have reported beneficial effects of IVIG on relapse rate, rate of new MRI lesions, and disease progression in relapsing-remitting MS. A remyelinating effect of IVIG, as suggested by animal models, was not documented. 100 -102 IVIG is considered to be a second-line therapy for MS. In pediatric MS, treatment with IVIG is used at the dose of 0.4 g/kg for 3-5 consecutive days, and administration is repeated monthly or every 3 months.
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Immunosuppressive drugs
Of the following treatments, only mitoxantrone is FDA approved for worsening MS in adults. Its use has not been validated in the pediatric population. The use of immunosuppressive therapies in children with MS has not been reported in the literature, although these drugs are used anecdotally for pediatric patients doing poorly on IFNB or GA. All immunosuppressive drugs have potential serious side effects, specifically in the pediatric population, that include infection, secondary malignancies, and infertility.
Azathioprine. Before IFNB and GA were introduced to the market, azathioprine had been used for years as a mild immunosuppressive drug for adult MS. [103] [104] [105] [106] Azathioprine reduces the rate of relapses in adult MS but evidence is limited for an effect on disease progression. Azathioprine has the potential to induce cytopenia, gastrointestinal intolerance, and liver toxicity. The risk of secondary cancers over the long term has been suggested but never confirmed in adults. The effect of azathioprine on MS MRI activity is unclear. Azathioprine is a second line therapy for patients with relapsing-remitting MS who are intolerant or unwilling to use injectable drugs such as interferon and copolymer. Azathioprine is used in children at the dose of 1-2 mg/kg/day. No data of safety and efficacy of azathioprine are available for pediatric MS.
Cyclophosphamide. Cyclophosphamide is a cytotoxic and immunosuppressive agent, used in systemic autoimmune diseases. Controversial results have been reported on its efficacy in SP MS and RR MS. [107] [108] [109] It seems beneficial when given at early stages of the progressive phase of the disease or in adults doing poorly on IFNB or GA. 109 -111 Cyclophosphamide is typically initiated at the dose of 800 mg/m 2 every month for up to 1-2 years. The regimen is adapted to the cell blood count obtained 10 -12 days after treatment. Pulses of intravenous glucocorticosteroids can be given concomitantly. Potential adverse effects of cyclophosphamide include infections (particularly if white blood cells are below 1500/mm 3 ), nausea, transient alopecia, and gonadal failure. Sperm banking should be considered in males. Hemorrhagic cystitis should be prevented by fluid loading before and after infusions. Finally, there is a risk of bladder and blood cancers, which limits its prescription in the young population. No published report of the use of cyclophosphamide is available for pediatric MS. Lupron is sometimes used for gonad protection in female patients.
Mitoxantrone. A 2-year study with mitoxantrone (Novantrone, Serono) showed decreases in progression of disability, relapse rate, and the number of new MRI lesions in adults with MS compared with placebo. 66 Mitoxantrone is given in adults every 3 months for up to 2 years (12 mg/m 2 i.v. each time, maximum cumulative dose of 120 mg/m 2 ). Major potential adverse effects of mitoxantrone include cardiotoxicity, leukemia, amenorrhea, and infection. For these reasons, the indication of mitoxantrone is limited to the cases of worsening adult MS resistant to other treatments. There is no published experience of mitoxantrone in the pediatric MS population, although several patients have received this drug for severe MS.
Methotrexate. Oral methotrexate used in association with folic acid is an immunosuppressive agent that may slow the progression of disability in progressive forms of MS in adult patients (7.5-20 mg p.o., once per week). 112, 113 Major side effects include macrocytic anemia and liver and lung toxicity. Methotrexate is rarely used in pediatric MS.
CONCLUSIONS
Major strides have been made in the past 10 years that have contributed to the improvement of awareness and management of childhood MS. The National Multiple Sclerosis Society has recognized the critical need to provide children and their parents with better care and education and has initiated support for six regional pediatric MS centers across the United States. Further work is needed to better delineate disease course, underlying biological and epidemiological factors that contribute to early MS onset, and differences between ADEM and MS. Finally, as it is unlikely that trials will ever test the efficacy of DMT for MS in children, pediatric neurologists and MS experts will have to combine efforts in the endeavor to improve our understanding of the safety of adult DMT in children.
